In the last three decades, considerable efforts have been devoted towards the realization of optical gain in erbium doped silicon for its potential capability of bridging silicon CMOS technology with photonics. One of the technological issues consists in the difficulty of achieving strong doping for erbium atoms in the optically active state [1] . High implantation doses exceeding 1.3 × 10 18 cm −3 induce a linear growth in the concentration of erbium precipitates [2] , and several methods have been attempted to overcome such limitation, including recrystalization of preliminarily amorphized silicon [3, 4] , growth of erbium-doped silicon films by molecular beam epitaxy (MBE) [5] , and recoil implantation [6] . Recently, high luminescence efficiency and energy transfer have been demonstrated from Er ions implanted in SiO x films when co-doped with either gold [7] or SnO 2 nanocrystals [8] , as well as in amorphous Si nanodots [9] and in silicon nanocrystals [10] . With the aim of enhancing erbium luminescence various silicon microcavity geometries have been succesfully doped at relatively high Er concentration [11] [12] [13] , also achieving laser action. On the contrary, ErO x complex in silicon itself provides a natural solution for creating single photon emission centers by exploiting its low density regime. Its emission wavelength naturally matches optical fiber-based secure quantum networks. Super-enhancement of PL of Er:O complex in silicon has been recently shown at the ratio around 1:1 in high doping regime [14] , so its exploration at low dose should grant both efficient PL and countable photon regime.
We have already explored low doping of both electronic [15] [16] [17] [18] and optoelectronic devices [19] in the limit of single atom doping by single ion implantation method, as well as deterministic doping by directed self-assembly and spike annealing [20] . Low doping of optical species such as Er has been reported only for 1.54 µm absorption by a transistor operated at cryogenic temperature [21] , and Pr-doped YAG nanocrystal [22] at a different wavelength. With the perspective of achieving controlled single photon emission regime by ErO x complexes in silicon, here we report on the fabrication and the PL characterization of shallow implanted Si:ErO x .
We systematically study the response to a pump radiation at 792 nm in the mW range by varying the concentration of both oxigen and erbium ions implanted at 20 keV from 10 which inhibits PL at room temperature [23, 24] . The Si surface was covered with a thermally grown SiO 2 layer with a thickness of 5 nm. The frame-like square micro patterns had an area of 100 µm × 100 µm and a line width of 10 µm, as depicted in the sketch in Fig. 2a at an energy of 25 keV using a conventional ion implanter equipped with a CO 2 gas source.
The implantation dose was altered from 2.5 × 10 12 cm −2 to 1 × 10 14 cm −2 for each substrate.
After removing the PMMA film, the substrates were annealed at 900
• C for 30 min in dry N 2
atmosphere. Finally, the SiO 2 layer on each substrate was removed in buffered hydrofluoric acid.
The annealing process is expected to promote an out-diffusion of the Er 2+ ions from the Si-air interface, hence effectively reducing the final concentration of emission centers contained in Si. To establish the effective Er 2+ concentration, we performed secondary ion mass spectrometry (SIMS) on a sample featuring the highest nominal implantation level
(1 × 10 14 ions/cm 2 ) before and after the annealing process, which is identical to the ones devised for the optical characterization. SIMS measurements were performed by using primary ions of O Inset: depth profiles plotted in logarithmic scale.
attain the effective ion concentration in Si. A careful observation of Fig. 1 allows identifying a pile-up of the Er 2+ ions close to the Si-air interface in the annealed sample, which we attribute to surface contamination. It is worth noting that the O + amount is also reduced by about a factor 10, as can be derived by combining SRIM ion range simulations and diffusion equation, so the ratio around 1:1 is maintained. At these co-doping regimes, i.e. O:Er ≤ 2, density functional computations [25] indicates that the tetrahedral substitutional site is the most stable. In addition to that, according to Ref. [14] , this is also the most optically active configuration due to a more favorable crystal field splitting in the case of the singly oxygen coordinated Er in a tetrahedral substitutional site instead of interstitial site.
We addressed Er ions implanted in Si and investigated their photoemission properties by means of a customized inverted confocal microscope coupled to a spectrometer (see Thorlabs Inc.) for rejecting the excitation reflected light. The filtered emission is then sent into a home-made spectrometer, which is composed simply by a rotating Pelin-Broca prism and a InP/InGaAs single photon avalanche diode (SPAD) and whose working principle is described in detail elsewhere [26] . Such an experimental setup allows recording fluorescence maps with a diffraction limited spatial resolution of about 1.2 µm together and emission spectra with a spectral resolution of about 10-15 nm. Figure 1c shows the reflectivity map recorded at the excitation wavelength on the corner of one of the pads, selected for the investigation to include also a non-implanted silicon region for control.
We collected PL maps on pads with effective Er +2 ions concentrations ranging from 1.5 × 10 13 cm −2 down to 1.5 × 10 11 cm −2 and exposed to two different O + doses which ensure best emission performances. Emission maps collected on the corner of the square patches featuring higher ion implantation and higher oxygen dose are shown in Fig. 3a-d .
The maps also reveal homogenous implantation of the ions in each pad, at least within the sensitivity of our optical technique. The maps sketched in Fig. 3 are obtained by averaging by the optical system, which is about 1.3 µm [26] .
We have evaluated the lower-bound number of ions that can be detected in these con- To conclude, we demonstrated room temperature PL by low dose doping of ErO x centers implanted in natural Si at λ = 1.54 µm via the optical transition Er 3+ : 4 I 13/2 → 4 I 15/2 .
As the implantation depth is relatively close to the top surface, we demonstrate that -after taking into account the out-diffusion from the surface due to unavoidable annealing process -the number of centers is about one order of magnitude less. The signal to noise ratio of our system allowed detecting down to about 10 4 Er centers at room temperature. Our estimate is supported by the derived photon flux rate per individual ion, ≈ 4 × 10 3 photons/s, which is close to the values reported in literature. The detection limit of our study is mainly set by the detector noise and the radiation losses in the silicon substrate. Hence, by engineering the substrate for effectively beaming the emitted light and employing a detector with higher performances the limit of few ion interrogation is within reach. These results set a step
